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Abstract: Using the photonic Damascene reflow process, we present single soliton formation in 99-GHz-FSR Si 3 N 4 microresonators of Q-factor exceeding 15 × 10 6 , with less than 10 mW optical power. Microresonator-based Kerr frequency combs ("microcomb") are providing a route to chip-scale optical frequency combs, with broad bandwidth and repetition rates in the GHz to THz domain. The recent demonstration of microcombs in the dissipative Kerr soliton (DKS) regime [1] has allowed reliable access to fully coherent comb states, which have already been successfully applied in coherent communication, ultrafast optical ranging, astrophysical spectrometer calibration, and for creating a photonic integrated frequency synthesizer.
A particularly promising platform for photonic integrated soliton microcomb is silicon nitride (Si 3 N 4 ) [2] , a CMOScompatible material with a wide transparency window, and allowing full photonic integration with other devices. However, there are challenges in achieving soliton microcomb in Si 3 N 4 microresonators with a power level allowed by state-of-art integrated lasers on silicon, including the comparatively low quality (Q) factor of Si 3 N 4 microresonators, and the coupling losses from the laser to the Si 3 N 4 chip device, both of which necessitate the use of high-power lasers. So far, for integrated Si 3 N 4 microresonator devices, soliton formation with device input power of several hundreds of milliwatts has only been achieved in microresonators of 1 THz free spectral range (FSR) [3, 4] . Meanwhile, low microcomb initiation power at milliwatt level has been demonstrated in Si 3 N 4 microresonators of Q exceeding 10 7 [5, 6] , but solitons have not been observed due to the insufficient anomalous group velocity dispersion (GVD). Consequently, soliton formation has been limited to wavelength regions where optical amplifiers are available.
Here we demonstrate that, Si 3 N 4 microresonators of Q 0 > 15 × 10 6 for low power soliton formation can be fabricated using the photonic Damascene reflow process [7, 8] . We demonstrate single soliton formation of 99 GHz repetition rate with a record-low input power of 9.8 mW (6.2mW in the waveguide). Using only a tunable diode laser without an optical amplifier, we access single soliton states in eleven consecutive resonances in the telecom L-band and five in the telecom C-band, via simple laser piezo tuning. This power level for soliton formation has great potential for future photonic integrated microwave generators, and chip-based frequency synthesizers [9] via integration of on-chip lasers, semiconductor optical amplifiers and nonlinear microresonators. Soliton microcombs formed in wavelength regions where amplifiers are not available could unlock new applications such as optical coherent tomography (OCT) and sensing of toxic gases and greenhouse gases. Fig. 1(a) shows the measured resonance linewidth from 1500 to 1630 nm of a 99-GHz-FSR microreosnator, including the coupling strength κ ex /2π, intrinsic loss κ 0 /2π and loaded linewidth κ/2π = (κ ex + κ 0 )/2π. Fig. 1(b) shows the histogram of intrinsic loss κ 0 /2π from eight under-coupled samples with identical waveguide geometry. The most probable value is 13 -14 MHz, corresponding to the intrinsic Q factor of Q 0 > 15 × 10 6 . Light is efficiently coupled into the chip device via double-inverse nanotapers [10] . Using a setup shown in Fig. 1(c) without EDFA, single soliton can be generated directly with a diode laser, at 9.8 mW power at the chip input facet, as the spectrum is shown in Fig.  1(d) . Further increase of the input power to 20.1 mW increases the soliton spectral bandwidth.
We further investigate the single soliton formation over the full tuning range of the diode laser. Fig. 2 shows the single soliton spectra pumped at twenty selected resonances, eleven of which are consecutive in the telecom L-band, and five of which are consecutive in the telecom C-band. These spectra are generated with laser output power around 22 mW, and all accessed via simple laser piezo tuning. We have also accessed single or few soliton state in other resonances in the same sample, in addition to the ones shown in Fig. 2 . The single soliton generation in a broad range of resonances demonstrates the reliability of our fabrication process, and offers extra flexibility to investigate spectrally localized effects, such as avoided mode crossings.
